Androgen receptor (AR) is a critical factor in the development and progression of prostate cancer. We and others recently demonstrated that eliminating AR expression leads to apoptotic cell death in AR-positive prostate cancer cells. To understand the mechanisms of AR-dependent survival, we performed a genome-wide search for AR-regulated survival genes. We found that serum/glucocorticoid-induced protein kinase-1 (SGK-1) mRNA levels were significantly upregulated after androgen stimulation, which was confirmed to be AR dependent. Promoter analysis revealed that the AR interacted with the proximal and distal regions of the sgk1 promoter, leading to sgk-1 promoter activation after androgen stimulation. Functional assays demonstrated that SGK-1 was indispensable for the protective effect of androgens on cell death induced by serum starvation. SGK-1 overexpression not only rescued cells from AR small-interfering RNA (siRNA)-induced apoptosis, but also enhanced AR transactivation, even in the absence of androgen. Additionally, SGK-1 siRNA reduced AR transactivation, indicating a positive feedback effect of SGK-1 expression on AR-mediated gene expression and cellular survival. Taken together, our data suggest that SGK-1 is an androgen-regulated gene that plays a pivotal role in AR-dependent survival and gene expression. Androgens play a critical role not only in the physiological development of the prostate but also in the genesis of prostate cancer (reviewed by Heinlein and Chang 1 ). These hormones regulate the activity of the androgen receptor (AR), a ligandactivated transcription factor and a member of the nuclear receptor superfamily.
Androgens play a critical role not only in the physiological development of the prostate but also in the genesis of prostate cancer (reviewed by Heinlein and Chang 1 ). These hormones regulate the activity of the androgen receptor (AR), a ligandactivated transcription factor and a member of the nuclear receptor superfamily. 2 Hormone-receptor complexes bind to certain hormone responsive DNA sequences proximal to target genes and regulate their expression. [1] [2] [3] It is well demonstrated that castration in rodent models or androgen ablation in cell culture system causes a rapid apoptotic response in the prostate-derived epithelial cells. 4, 5 Based on these phenomena, androgen ablation therapy has been used in clinical management of prostate cancer patients. 6 However, the disease progresses to a more aggressive androgen-independent stage (termed 'hormonerefractory' because the tumor is resistant to androgen ablation therapy). 7 The etiology of hormone-refractory progression may have various molecular causes, but a critical role of the AR has emerged. [8] [9] [10] [11] We and others have recently showed that eliminating AR expression led to a profound apoptotic response in AR-positive prostate cancer cells, suggesting that the AR is essential for cellular survival in prostate cancers. [12] [13] [14] [15] However, the downstream effectors that facilitate AR-dependent survival are not fully elucidated.
Serum and glucocorticoid-induced protein kinase-1 (SGK-1) belongs to the 'AGC' subfamily of protein kinases, including protein kinase A, G, and C. 16 There are two more isoforms of SGK-1 in mammalian cells, namely SGK-2 and -3. They are evolutionally conserved and share an 80% homology in the catalytic domains. 17 Particularly, SGK-1 shares about 54% identity of its catalytic domain with a major cellular survival factor protein kinase B (PKB, also called Akt), indicating a functional similarity. In fact, like Akt, SGK-1 is activated by phosphorylation through a phosphatidylinositol 3-kinase (PI3K)-dependent signal pathway. 18, 19 However, unlike other protein kinases in AGC family, such as Akt, SGK-1 but not SGK-2 or -3 is regulated and activated mainly through a transcriptional mechanism by extracellular stimuli. Its promoter contains several consensus sequences for transcription factors that can be activated by a very large spectrum of stimuli besides glucocorticoid and serum. 19, 20 Upon induction, it acts as a cell survival factor in different situations and is also able to regulate numerous membrane transporters and channel proteins. 18, 19 In the studies reported here we identified a downstream effecter pathway responsible for AR-dependent survival. We found that expression of SGK-1 but not other isoforms or Akt was upregulated by androgen stimulation. Further analysis confirmed that SGK-1 is an androgen-induced gene via an AR-dependent transcriptional mechanism. Functional assays demonstrated that SGK-1 is indispensable from AR-mediated survival. SGK-1 overexpression enhances AR-mediated gene expression and reduces cell death induced by AR small interfering RNA (siRNA), suggesting a positive feedback effect of androgen-induced SGK-1 expression on AR-dependent gene expression and survival.
Results
AR-dependent SGK-1 expression after androgen stimulation. We and others recently demonstrated that the AR is essential for cellular survival of AR-positive prostate cancer cells. [12] [13] [14] [15] To better understand the mechanism of AR-dependent survival, we performed a genome-wide search for AR-regulated survival genes using complementary DNA (cDNA) microarray analysis. Prostate cancer LNCaP cells were serum-starved for 48 h, and were then treated with the solvent or a synthetic androgen R1881 (1.0 nM) for 8 h. The Affymetrix human genome U133A chips were used to analyze the alterations of androgen-induced gene expression. SGK-1 was identified as one of the genes significantly upregulated by androgen stimulation compared to the solvent control (Table 1) . Other SGK isoforms and the closest relative protein kinases Akt-1 or -3 remained unchanged after androgen stimulation. These data were supported by a recent publication from another group using the same strategy, which showed an 8.1-fold increase of SGK-1 expression by androgen treatment. 21 We confirmed the microarray data using additional methods, including conventional reverse transcription (RT)-polymerase chain reaction (PCR) and real-time RT-PCR assays for mRNA expression, as well as western blot for protein expression. LNCaP cells were serum-starved for 48 h and then treated with R1881 for 8 h (mRNA analysis) or 24 h (protein analysis) under serum-free conditions. To test for AR dependency, the AR antagonist bicalutamide (Casodext, CSDX) were used to pre-treat the cells before R1881 addition. A well-known AR-dependent gene prostatespecific antigen (PSA) was included in the analysis as a positive control. Ribosomal 28S RNA was used as a loading control for RT-PCR experiments. As illustrated in Figure 1a , SGK-1 expression was not detectable under the conditions of serum starvation. Similar to PSA, SGK-1 expression was dramatically increased by R1881 stimulation. The R1881 effect was blocked by CSDX pretreatment, indicating that androgen-induced SGK-1 expression is AR dependent. AR-mediated SGK-1 expression was further confirmed using real-time RT-PCR ( Figure 1b ) and Western blot (Figure 1c ). However, there was no significant alteration of Akt-1 expression after R1881 treatment, consistent with the data from cDNA microarray analysis (Table 1) . These results suggest that SGK-1 is an androgen-inducible gene via AR-dependent transcription in prostate cancer cells.
As mentioned earlier, AR gene silencing results in apoptotic cell death. [12] [13] [14] [15] Since the survival kinase SGK-1 is an AR-regulated gene, we asked if AR silencing led to SGK-1 downregulation, which consequently led to apoptotic cell death. To test this hypothesis, we measured SGK-1 protein expression after AR gene silencing. To introduce the AR siRNA more efficiently, we created an adeno-associated virus (AAV) that carries a hairpin-structured AR siRNA (AAV-ARHP8) expression cassette based on the AR siRNA #8 sequence used in our previous work. 12 LNCaP cells were infected with the AAV-ARHP8 viruses or a control empty virus (AAV-GFP) for 5 days in androgen withdrawal media (2% charcoal-stripped fetal bovine serum (FBS), cFBS). As shown in Figure 1d , AAV-ARHP8 infection resulted in a complete loss of AR expression. In parallel, the protein level of SGK-1 but not Akt was reduced dramatically in AAV-ARHP8-infected cells compared to the control cells. These results confirmed our hypothesis that SGK-1 expression is regulated by the AR through either androgen-dependent or -independent mechanisms, such as growth factors and cytokines. 7 The detailed pathways are under further investigation by our group.
AR activates SGK-1 promoter following androgen stimulation. The AR, together with the receptors of glucocorticoid, progesterone and mineralocorticoid, are closely related members (class I) in the nuclear receptor superfamily. 22 They all recognize similar response elements (steroid response element, SRE), which are organized as inverted repeats of 5 0 -TGTTCT-3 0 -like sequences with a threenucleotide spacer. 23 We and others have shown that SGK-1 expression is regulated by glucocorticoid via an imperfect glucocorticoid response element (GRE) on the sgk1 promoter. 16, 24 ,25 Therefore, we tested if androgen activates sgk1 promoter. We used a luciferase reporter (F4R4-Luc) that was described in our previous publication. 24 This reporter uses a À3142/ þ 117 fragment relative to the transcription starting site of human sgk1 gene as the promoter (Figure 2a) . LNCaP (mutant AR) and LAPC-4 (wild-type AR) cells were transfected with the F4R4-Luc and the control reporter constructs. Following serum starvation for 24 h and bicalutamide pretreatment for 45 min, cells were stimulated with R1881 for 24 h in androgen withdrawal media Figure 2 Androgen receptor transactivates sgk-1 promoter. (a) Schematic illustration of sgk-1 promoter, the GRE/ARE-1 and the putative secondary ARE-2 location, ChIP primer binding sites, and structure of SEAP gene reporters driven by different fragments of sgk-1 promoter. (b, c) LAPC-4 or LNCaP cells were transfected with sgk-1 promoter-driven luciferase reporter (pGL3-SGK1/F4R4-LUC) together with an internal control reporter pCMV-SEAP. After serum starvation, cells were pretreated with bicalutamide (CSDX, 10 mM) or the solvent, and were then stimulated with R1881 (1.0 nM) for 24 h in 5% cFBS-containing media. Culture supernatants were collected for SEAP assay and cellular proteins were used for luciferase assay. Luciferase activities were normalized against the corresponding protein concentration and SEAP activity before the relative fold induction was calculated compared to the solvent control. (d, e) Cells as indicated were transfected with different SEAP reporter constructs, and a mock transfection was included with transfection reagent only. Following serum starvation, cells were stimulated with R1881 (1.0 nM) or the solvent for 24 h in 5% cFBS-containing media. Culture supernatants were collected for SEAP assay and cells were harvested for protein assay. SEAP activities were normalized against their corresponding cellular protein levels. Data represent three different experiments, and the error bar indicates S.E. The asterisk indicates a significant difference (Po0.05, t-test) between R1881 treatment and the solvent control SGK-1 mediates AR-dependent survival I Shanmugam et al (5% cFBS). As shown in Figure 2b , R1881 significantly increased the reporter activity in both cell lines, and bicalutamide pretreatment abolished R1881-stimulated F4R4-LUC activation. These data confirmed that androgen activates SGK-1 promoter via the AR.
To narrow down the position of AR responsive elements within the sgk1 gene promoter, we generated five different secreted alkaline phosphatase (SEAP) reporter constructs using different fragments from the sgk1 gene promoter. These fragments were PCR-amplified from LNCaP cell genomic DNA, as illustrated in Figure 2a . The proximal promoter (À1548/À290) was termed as 1258-SEAP, which contains the GRE motif (À1147/À1133) identified previously. Using this proximal promoter, we constructed two truncated promoters, named as 418-SEAP (À1548/À1130 with the GRE motif) and 562-SEAP (À852/À290 without the GRE motif). The distal promoter 2252-SEAP (À3382/À1130) and its truncated one 442-SEAP (À3382/À2940) contain several putative SRE motifs, as suggested by a computer-based inspection. 19 The androgen responsiveness of these reporters was analyzed in LNCaP and LAPC-4 cells. As shown in Figure 2d and e, R1881 treatment significantly activated the reporters driven by the proximal (1258-SEAP) and distal (2252-SEAP) promoter fragments in both cell lines. This responsiveness was further increased in those truncated fragments of the proximal (418-SEAP) and the distal (442-SEAP) promoters. This increased response to androgen stimulation from the truncated distal promoter (442-SEAP) compared to the distal (2252-SEAP) promoter indicated the existence of a potential secondary ARE motif (ARE-2) within the far distal region of the sgk1 gene promoter, as illustrated in Figure 2a . In contrast, the truncated minimum promoter (562-SEAP) lacking the GRE motif did not response to R1881 stimulation, thereby confirming that the proximal GRE (hereafter termed as ARE-1) is required for androgen-induced SGK-1 expression.
Then, we went on to determine if the AR physically interacts with the ARE-containing regions on the sgk1 gene promoter we had indicated using the reporter assays. Serum-starved LNCaP cells were pretreated with CSDX followed by R1881 stimulation. Chromatin immunoprecipitation (ChIP) assays were used to analyze the AR interaction with genomic DNA in vivo. We chose to test three different regions on the sgk1 promoter: (a) the close proximal region, (b) the GRE/ARE-1 region, and (c) the far distal region, as illustrated in Figure 2a . Without R1881 stimulation, no interaction was detected between the AR and any promoter regions ( Figure 3 , lane 1). R1881 stimulation led to a clear signal of the AR interaction with the regions that contain either the GRE/ARE-1 motif or the ARE-2 motif in the far distal fragment. Consistent with the data from 562-SEAP reporter assay that showed no androgen responsiveness, no interaction was detected between the AR and the proximal promoter region. These results were in agreement with the conclusion from the reporter gene assays, and show that the AR regulates SGK-1 expression by binding to two sites in the promoter region of the sgk-1 gene. The secondary ARE-2 motif resides in the far distal region of the sgk1 gene promoter, as proposed by others previously. 19 SGK-1 is required for AR-dependent survival. Similar to Akt, SGK-1 has been shown to be a cellular survival factor.
26-29 Therefore, we examined the role of SGK-1 in AR-dependent survival of prostate cancer cells. First, we tested if eliminating SGK-1 expression induces apoptosis. LAPC-4 cells were transfected with SGK-1 siRNA or a control siRNA, and were then kept in androgen withdrawal media Figure 3 Androgen receptor interacts with the ARE locus on the sgk1 promoter. LNCaP cells were serum-starved for 2 days and were then pretreated with bicalutamide (CSDX, 10 mM). After stimulation with R1881 (1.0 nM) or the solvent in 2% cFBS-containing media, cells were subjected to ChIP assay, as described. 38 Anti-AR immunoprecipitated chromatin DNA were amplified with three different primer sets, and 10% of whole cellular genomic DNA were used as PCR templates as the positive control. Data represent two different experiments Figure 4a , transfection with the SGK-1 siRNA but not the control siRNA resulted in a dramatic loss of SGK-1 expression. In parallel, cell death was observed (cell round-up and floating in media under inverted microscope, data not shown) in cells transfected with SGK-1 siRNA but not with the control siRNA. After cell harvesting, we examined two apoptotic hallmarks, caspase-3 activation and PARP cleavage, to determine if SGK-1 siRNA-induced cell death was an apoptotic response. As expected, caspase-3 activation and PARP cleavage were observed in SGK-1 siRNA-transfected cells but not in the controls (Figure 4a ). These data suggest that SGK-1 elimination leads to apoptosis, which is supported by previous reports.
26 -29 Next, we confirmed that SGK-1 siRNA could induce apoptosis in another prostate cancer cell line. LNCaP cells were tested using a clonogenic assay. After transfection with the control or SGK-1 siRNA, cells were cultured in the same condition (2% cFBS) for 7 days. Surviving cells were visualized by crystal violet staining. As shown in Figure 4b , the surviving cell fraction was remarkably reduced in cells transfected with SGK-1 siRNA, especially in cells transfected with higher dose of SGK-1 siRNA, compared to the control siRNA-transfected cells. These data confirmed that SGK-1 is important for prostate cancer cell survival.
Since androgen was found to regulate SGK-1 expression, we asked if SGK-1 is required for androgen-induced survival in prostate cancer cells. LAPC-4 cells were transfected with SGK-1 siRNA or the control siRNA and cell death was initiated by serum starvation in the presence or absence of R1881. As shown in Figure 5a , in mock and control siRNAtransfected cells, serum starvation resulted in a moderate level of cell death. The death response was dramatically increased in cells transfected with SGK-1 siRNA. As expected, R1881 addition significantly reduced serum starvation-induced cell death in mock and control siRNA-transfected cells but not in SGK-1 siRNA-transfected cells. These results indicate that SGK-1 is important in androgen-induced survival. 
Subsequently, we tested to determine if overexpression of SGK-1 would protect cells from cell death induced by androgen withdrawal. An LAPC-4 subline was established that overexpresses SGK-1 (LAPC-4/SGK1). A companion control line (LAPC-4/PURO) harbors an empty vector. Cells were kept in complete culture media (15% FBS) or in androgen-withdrawal condition (2% cFBS). Cell death was determined at day 10. As shown in Figure 5b , androgen withdrawal induced a significant cell death in the control LAPC-4/PURO cells but not in LAPC-4/SGK1 cells, indicating again that SGK-1 is a potent survival factor in protecting against cell death after androgen withdrawal.
We showed above (Figure 1d ) that AR silencing led to downregulation of SGK-1 in LNCaP cells. To understand the role of SGK-1 in AR-dependent survival, we tested whether SGK-1 overexpression could rescue cells from AR siRNAinduced cell death. 12, 13 An LNCaP subline was established that stably overexpresses SGK-1 (LNCaP/SGK1), and its control subline was generated with an empty vector (LNCaP/ PURO). Cell death was monitored after infecting the cells with AAV-ARHP8 virus under serum-free conditions. The empty virus AAV-GFP served as the control. The cell death rate was assessed 7 days later. As expected, AAV-ARHP8 virus induced a significant cell death compared to the control virus in the control LNCaP/PURO cells (Figure 5c ), a finding consistent with our previous publication. 12 However, AAV-ARHP8 virus-induced cell death was significantly reduced in LNCaP/SGK1 cells. Caspase-3 activation and PARP cleavage were also largely suppressed in LNCaP/SGK1 cells compared to the LNCaP/PURO control cells (Figure 5d ). Together with the data shown in Figure 1d , these results indicate that SGK-1 plays a pivotal role in AR-dependent survival.
Recently, SGK-1 has been found to promote cellular survival by activating Ik-B kinase b (IKK-b). This effect leads to increased I kappa B-alpha (IkB-a) phosphorylation and nuclear factor-kB (NF-kB)-dependent survival, 28 and also suppresses FOXO3 transactivation. 29 Therefore, we tested to see if IkB-a phosphorylation was altered after AR silencing or SGK-1 overexpression. As shown in Figure 5d , IkB-a phosphorylation was largely reduced in LNCaP/PURO cells after AR silencing compared to the control (lane 2 versus lane 1), which was associated with SGK-1 downregulation. In contrast, higher levels of IkB-a phosphorylation were observed in LNCaP/SGK1 cells compared to the control LNCaP/ PURO cells, even after AR silencing (lanes 3 and 4) . On the other hand, the total level of IkB-a protein was increased in LNCaP/Puro cells after AR silencing, reflecting a reduced IkB-a degradation due to a lack of phosphorylation. 30 These data suggest that NF-kB activation after SGK-1-induced IkB-a phosphorylation and degradation might be a part of the mechanisms involved in AR-dependent SGK-1-mediated survival in prostate cancer cells. 31 SGK-1 modulates AR-mediated gene expression. Similar to the regulation of Akt, sgk-1 also can be activated via a PI3K-dependent mechanism. 32 We previously showed that PI3K activity (but not Akt) is required for AR-mediated gene expression. 33 Therefore, we determined whether SGK-1 modulates AR transactivation. First, we tested whether SGK-1 overexpression could enhance androgen-stimulated AR transactivation. LNCaP and LAPC-4 cells were transfected with an AR responsive gene reporter (ARE-LUC) together with increasing amounts of constructs expressing SGK-1. After serum starvation, cells were treated with R1881 or the solvent for 24 h. As shown in Figure 6 SGK-1 modulates androgen receptor-mediated gene expression. (a, b) LNCaP or LAPC-4 cells were placed on six-well plates overnight and were transfected with an androgen response gene reporter ARE-LUC (1.0 mgwell) together with increasing amounts of SGK-1 expression constructs (pCMV6-5XL-hSGK1) at 0.25, 0.5, 1.0 mg/ well. An empty vector (pCMV6-5XL) was used for the control transfection. Cells were serum-starved for 24 h and then treated with R1881 (1.0 nM) or the solvent in 5% cFBScontaining media. Luciferase activities were assessed 24 h later and presented as described earlier. Expression levels of SGK-1 or AR were assessed by immunoblotting, and anti-Actin blot was used as loading control. (c) LAPC-4 cells were transfected with SGK-1 siRNA or the negative control siRNA for 3 days and then transfected again with the SEAP reporter constructs as indicated. After 24 h serum starvation, cells were stimulated with R1881 or the solvent in 5% cFBS-containing media. SEAP activities were assessed 24 h later as described earlier. Data were from three separated experiments and error bar represents S.E. The asterisk indicates a significant difference (Po0.05, ttest) compared to the solvent or the vector controls Figure 6a and b, SGK-1 overexpression significantly enhanced R1881-stimulated ARE-LUC activity, in an SGK-1 dose-dependent manner. In addition, we also noticed that the basal reporter activities in the absence of R1881 were increased by 2-3 folds in SGK-1-transfected cells, although the absolute luciferase reading was much lower than that in R1881-treated cells. These data suggest that SGK-1 overexpression enhances AR transactivation in both the presence or absence of androgen.
Finally, we tested if SGK-1 is required for AR transactivation. We used two SEAP reporters driven by different promoters derived from the endogenous AR target genes, human psa (PSA-E2/P-SEAP, termed as PSA-SEAP) and rat probasin (ARR 2 PB-SEAP, termed as PB-SEAP), as described previously. 33, 34 LAPC-4 cells were transfected with SGK-1 siRNA for 3 days to eliminate SGK-1 expression. Cells were then transfected again with the reporter constructs. After R1881 treatment for 24 h, cell culture medium was collected for SEAP activity. As shown in Figure 6c , compared to the solvent control, R1881 stimulation significantly increased SEAP activities from both reporters in cells transfected with the control siRNA. In SGK-1 siRNA-transfected cells, however, R1881-stimulated SEAP activities were completely blocked. Furthermore, the basal SEAP activity (the solvent control) was also slightly reduced in SGK-1 siRNA-transfected cells compared to the control siRNA-transfected cells. These data suggest a critical role of SGK-1 in androgenstimulated AR transactivation.
Discussion
It is well known that the AR is essential for cellular survival in prostate cancer cells, [8] [9] [10] [11] [12] [13] [14] [15] but its downstream effectors are not fully listed. In this study, we sought to identify novel downstream mediators responsible for AR-dependent survival. First, we used a genome-wide approach to screen the genes altered after androgen stimulation. SGK-1 was identified as one of the significantly upregulated genes (Table 1) , which was supported by a recent report. 21 ARdependent SGK-1 expression was then validated at both mRNA and protein levels (Figure 1 ). After androgen stimulation, the AR was recruited onto the SGK-1 promoter that contains at least two putative motifs for AR binding, which confirms a previous computer-based promoter inspection. 20 Consistently, androgen activated SGK-1 promoter in an ARdependent manner (Figures 2 and 3) . SGK-1 siRNA reduced androgen-mediated death protection from serum starvation (Figures 4 and 5) . SGK-1 overexpression not only abrogated AR siRNA-induced apoptosis, but also enhanced AR transactivation in prostate cancer cells ( Figure 6 ); this later event reflects a positive feedback loop of AR-mediated SGK-1 expression and survival, as illustrated in Figure 7 . All together, our data demonstrated that SGK-1 is a pivotal factor in ARdependent survival pathway.
As an early response gene, SGK-1 expression is increased by many external or internal stimuli, including steroid hormones, peptide growth factors, cytokines, and cellular physical or genetic stresses (reviewed by Tessier and Woodgett 18 ). We and others have previously identified a GRE motif (5 0 -CGGACAaaaTGTTCT-3 0 ) at À1159/À1145 region in sgk-1 gene promoter, which is responsible for glucocorticoid-induced SGK-1 expression. 16, 24 In this study, we found that the AR also interacted with this region after androgen stimulation. Reporter gene assay showed that the promoter fragment containing this GRE motif was activated by androgen treatment at AR-dependent manner in LNCaP cells that are null of glucocorticoid receptor (GR). 35 Because the AR and the GR are closely related members in the steroid hormone receptor family, 22 it is plausible that this GRE (termed as ARE-1) motif is involved in androgen-induced SGK-1 expression.
In addition to the previously identified GRE/ARE-1 motif, a computer-based motif inspection proposed a secondary GRE/ ARE motif in the distal region of À2.5 to À3.2 kb in the sgk promoter. 19, 20 In this study, our data convincingly indicate that a functional ARE motif indeed exists within this distal region. The promoter fragment (442-SEAP) derived from this distal region functionally responded to androgen stimulation ( Figure  2d and e) and the AR was recruited onto this region (Figure 3) . A close examination of the promoter sequence revealed a putative ARE motif (5 0 -GGCTATcccTGTTCT-3 0 , termed as ARE-2) at the region of À2965 to À2950 related to the transcription site. Although the actual identity of the secondary ARE motif is under further investigation, our data indicate that this distal region containing the ARE-2 motif might act as an enhancer in androgen-induced SGK-1 expression.
Because of its close relationship with Akt, SGK-1 was considered as a major cellular survival factor. A previous report demonstrated that SGK-1, but not Akt, is induced by various environmental stress stimuli and then subsequently protects cell from apoptosis induced by environmental stress. 27 Similarly, in this study, we determined that SGK-1 but not other sgk isoforms or Akt was upregulated after androgen stimulation. Our data also demonstrated that SGK-1 is critical for androgen-mediated survival in prostate cancer cells because eliminating SGK-1 expression abrogated androgen-induced death protection.
Early studies demonstrated that SGK-1 exerts its survival function via inactivating proapoptotic transcription factor FKHRL1. 26, 27, 29, 36 A recent study discovered a novel mechanism that SGK-1 promotes NF-kB survival pathway by activating IKKb. 28 In this study, we found that in AR siRNA-induced apoptosis, IkB-a phosphorylation was largely reduced in association with SGK-1 downregulation (Figure 5d ). Conversely, SGK-1 overexpression reduced AR siRNA-induced apoptosis, which was associated with increased IkB-a phosphorylation. These data indicate that SGK-1 downregulation due to AR silencing resulted in reduction of IKKb activity, leading to loss of IkB-a phosphorylation and eventually apoptotic cell death. PI3K is a major factor involved in multiple cellular processes; both Akt and SGK-1 are PI3K downstream targets. 18 We previously showed that PI3K activity is required for androgen-induced AR transactivation and gene expression, and that Akt is dispensable for AR transactivation. 33 In this study, we found that SGK-1 is required for AR-dependent cellular survival and gene expression, indicating that SGK-1 might be one of the PI3K downstream effectors in androgen signaling. Although both Akt and SGK-1 use a similar phosphorylation preference of RxRxxS/T on their substrates, some distinctions were recently reported in terms of their substrate specificity requirements. 37 This substrate specificity might be the reason for the requirement of SGK-1 but not Akt in AR signaling, which will be worthwhile for further investigation.
In conclusion, we demonstrated in this study that protein kinase SGK-1 is an androgen-inducible gene, and is required for AR-dependent cellular survival and gene expression in prostate cancer cells. Further study is desirable to understand the mechanisms for SGK-1 regulation of AR signaling.
Materials and Methods
Cell culture and reagents. The human prostate cancer LNCaP and LAPC-4 cells and their culture conditions were described previously.
12,33,38-40 LAPC-4/ SGK1 and LNCaP/SGK1 sublines were established by stably infecting the parental cells with a retrovirus vector (pMSCV-puro-SGK1) 29 bearing the rat sgk1 gene. The control subline LAPC-4/Puro and LNCaP/Puro were established when an empty vector was used. The stable clones were selected in puromycin-containing media. A mammalian expression vector harboring human sgk1 cDNA (pCMV6-XL5-hSGK1, OriGene Technologies Inc., Rockville, MD) was used for transient transfection. Antibodies against human AR, SGK-1, Akt, b-Actin as well as secondary antibodies were purchased from Santa Cruz Biotech (Santa Cruz, CA). Antibodies for human caspase-3, PARP, phospho-specific IkB-a, and plain IkB-a were obtained from Cell Signaling (Beverly, MA). cFBS and regular FBS were obtained from Atlanta Biologicals (Norcross, GA). The synthetic androgen R1881 was purchased from Perkin-Elmer (Wellesley, MA). Other reagents were supplied by Sigma (Saint Louis, MO).
RNA extraction, RT-PCR, real-time RT-PCR, and cDNA microarray. Total RNA was prepared using TriZolt reagent (Invitrogen Co., Carlsbad, CA). To assess mRNA expression, RT-PCR was carried out using a RETROscriptt kit from Ambion Inc. as per the manufacturer's manual (Austin, TX). The primers and PCR conditions were described as follow: for human sgk1 gene (forward 5 0 -atgacggtgaaaactgaggc-3 0 ; backward 5 0 -gaggtgtcttgcggaatttg-3 0 ); for human akt1 gene (forward 5 0 -gtgaaggagggctggctgcacaaacgag-3 0 ; backward 5 0 -gggtgagcctgatcggaagtccatc-3 0 ). For human PSA gene and 28S ribozyme RNA, the primer sequences were described in our previous publication. 12 The primers were synthesized by IDT Inc. (Coralville, IA). The amplification profile was as follows: 951C for 30 s, 561C for 30 s, and 72C for 1 min running in a total of 25 cycles. After 25 amplification cycles, the expected PCR products were size fractionated onto a 2% agarose gel and stained with ethidium bromide.
The real-time PCR was performed using the Applied Biosystems 7500 system and the TaqMant Gene Expression Assay kits (Applied Biosystems, Foster City, CA). Reaction mixture consisted of diluted cDNA sample solution (1.0 ml for both SGK-1 and b-actin), 10 ml of TaqMant universal PCR master mixture, 1.0 ml of FAM conjugated primer mixtures (Catalog# 4331182). Final volume was 20 ml with distilled water. Denaturizing at 951C for 15 s, and annealing and extension at 601C for 1 min was then performed. The denaturizing/annealing cycle was repeated 40 cycles. Relative value of sgk1 gene expression compared to the control was normalized against b-actin in each sample.
LNCaP cells were used for cDNA-based microarray analysis of androgenstimulated gene expression. After serum starvation for 48 h, cells were treated with R1881 (1.0 nM) in serum-free media whereas the control cells received the solvent in the same media. At the end of treatment, total cellular RNAs were extracted using a Trizol-based protocol as described earlier. Genechip s arrays (Affymetrix Inc., Santa Clara, CA) was utilized and the protocol was described in our recent publication. 38 Briefly, 10 mg of total RNAs were used for the first-strand cDNA synthesis with the SuperscriptChoice system (Invitrogen). The in vitro-transcription labeling was conducted using the EnzoBio array high-yield RNA transcript labeling kit (Affymetrix). Genechips were hybridized for 16 h at 451C and 60 r.p.m. in a Genechip hybridization oven. After washing, the signal intensity was detected using an Agilent Gene Array scanner. Microarray data were analyzed using GeneSpring software (Agilent Technologies, Inc.).
Western blot analysis. For protein expression analysis, western blot was performed as described previously. 12, 33, [38] [39] [40] Briefly, after treatment, cells were pelleted and lysed in a buffer containing protease inhibitors (Halft Protease Inhibitor Cocktail Kit, PIERCE, Rockford, IL), separated on SDS-PAGE gels and transferred to PVDF membrane (BIO-RAD, Hercules, CA). Membranes were blocked in a Tris-buffered solution plus 0.1% Tween-20 (TBS-T) solution with 5% nonfat dry milk and incubated with primary antibodies overnight at 41C. Immunoreactive signals were detected by horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotech, Santa Cruz, CA) followed by SuperSingnal ChIP analysis. The ChIP assay was performed using a ChIP-ITt assay kit (Active Motif, Carlsbad, CA) as described in our recent publication. 38 Cells were maintained in 15-cm dishes and serum-starved for 24 h. After pretreatment with anti-androgen Bicalutamide (Casodex, CSDX), cells were stimulated with R1881. Polyclonal antibodies against AR (Clone C815), RNA polymerase II, GAPDH, and normal rabbit serum were obtained from Santa Cruz Biotech (Santa Cruze, CA). Proper control experiments were performed as described in our recent publication. 38 The primers for the PCR reactions were: fragment À3382/À2940 (442a 5 0 -gataagtttagccgaccatccg tctc-3 0 ; 442b 5 0 -gagccagagacggctatccctgttc-3 0 ); fragment À1548/À1130 (418a 5 0 -caccggcatcgctg ttctgcagag-3 0 ; 418b 5 0 -ctgagaac attttgtccgttccgc-3 0 ); fragment À852/À290 (562a 5 0 -ctgagtcacggcg gctccttcaag-3 0 ; 562b 5 0 -ctctctcatttattccgccgccggag-3 0 ). The primer binding sites were illustrated in Figure 2a .The PCR products were separated on 1% agarose gels and stained with ethidium bromide for visualization.
Reporter plasmid construction and reporter gene assays. The pGL3-SGK1/F4R4-Luc reporter construct was described previously, 24 and the internal control reporter pCMV-SEAP, expressing the secreted alkaline phosphatase (SEAP) under the control of the cytomegalovirus (CMV) promoter and the reporter assays were performed as described previously. 12, 33, 38, 40 To generate different promoter fragments (Figure 2a ) from sgk1 promoter, the PCR fragments amplified from LNCaP cell genomic DNA using the primers described in ChIP assays were subcloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA) and the accuracy of the inserts were confirmed by direct sequencing. Then, the individual fragment was released from the pCR2.1 vector using HindIII/XbaI digestion and directionally ligated into pSH1-ARR2PB-SEAP vector as described previously, 33 so as to generate sgk1 fragment-driven SEAP gene reporters by replacing the probasin promoter. The ARE-LUC reporter was described previously. 41 The reporter gene assay was performed as described previously. 12, 33, 38, 40 Briefly, cells plated in six-well tissue culture plates were transfected with reporter constructs using the Cytofectenet reagent (BioRad) according to the manufacturer's protocol. After 24 h, cells were serum-starved for another 24 h, and then pretreated with anti-androgen CSDX or the solvent. Cell were treated with the solvent or stimulated with R1881 in 5% cFBS. Culture supernatants and cell lysates were collected for reporter assays. The luciferase reporter activity of each sample was normalized against the corresponding SEAP activity and protein concentration prior to calculation of the relative fold induction compared to the controls.
SiRNA transfection, cell viability, and clonogenic assay. Predefined siRNA against human sgk1 gene and a negative control siRNA with scramble sequence were purchased from Santa Cruz Biotechnology and transfected with OligoFectaminet (Invitrogen) according to the manufacturer's manual. For cell viability experiments, cells were seeded at the density of 2 Â 10 4 cells in 12-well plates in duplicates and allowed to attachment overnight. One week after siRNA transfection, cells were subjected to viability assay. Cells were harvested at the end of experiments and the number of viable cells was counted using a hemocytometer after staining with trypan blue as described previously. 12, 40 For the clonogenic assay, 1.0 Â 10 3 cells were seeded in a 35-mm dish and transfected with SGK-1 siRNA or the control siRNA. The cultures were monitored daily for colony formation in a 2% cFBS-containing media. One week later, the cultures were washed with phosphate-buffered saline (PBS), fixed, and stained as described previously. 40 The colonies were counted and then photographed using a digital camera.
AAV production and infection. To silence AR gene expression, a hairpinstructured expression vector was created using pSilencer-U6 1.0 plasmid vector (Ambion Inc., Austin, TX) based on our previously published AR siRNA sequence. 12 The oligonucleotide sequences were as follow: sense, 5 0 -GAAGGCCAGTTG TATGGACttcaagagaGTCCATACAA CTGGCCTTC tttttt-3 0 and antisense, 5 0 -attaa aaaaGAAGGC CAGTTGTATGGACtctcttgaaGTCCATACAACT GGCCTTCggcc-3 0 . Annealed DNA fragment was subcloned into ApaI/EcoRI sites of pSilencer-U6 vector, and the resultant vector named as pSilencer-U6-ARHP8. To create an AAV for ARHP8 siRNA expression, the AAV Helper-free system (Stratagene, La Jolla, CA) was utilized. The ARHP8 expression cassette was released by XbaI digestion and subcloned into pCMV-MCS from the AAV system. Then, this fragment was moved into pAAV-IRES-hGFP by EcoRI/XhoI digestion/ligation process to generate AAV-ARHP8 viral-producing vector. The pAAV-IRES-hGFP construct was used to produce an empty AAV virus (AAV-GFP). These AAV particles were packaged and purified by Applied Viromics LLC (Fremont, CA) at a titer of 10 12 viral particle per ml.
Statistical analysis. All experiments were repeated two or three times.
RT-PCR results are presented from a representative experiment. The mean and standard error (S.E.) from multiple experiments for real-time RT-PCR, cell viability, or reporter gene assay are shown. The significant differences between groups were analyzed as described previously 12, 33, [38] [39] [40] using the SPSS computer software (SPSS Inc., Chicago, IL).
